Abstract--The Upper Pliocene sediments near Lebrija in southern Spain contain commercial deposits of palygorskite and sepiolite. These sediments of continental origin consist chiefly of carbonate, marl, and clay resting on marine Pliocene quartzose sand. The lowest unit, the "Marly-Calcareous Bed," consists of sepiolite-rich marl associated with concretions and irregular layers of chert, <0.5 m thick, and local diatomite layers, as well as limestone, sandy limestone, marl, and clayey sandstones. This unit has a maximum thickness of 30 m and contains three clay-mineral suites as follows: (1) bottom--sepiolite ___ palygorskite; (2) center--sepiolite and palygorskite _+ illite; (3) top--palygorskite and illite, _+ sepiolite and smectite. Sepiolite decreases and palygorskite and illite increase toward the top, reflecting the composition of detrital material supplied to the basin. Beds 0.5-1 m thick locally and containing 50 to 60% sepiolite have been called "Tierra del Vino" (wine earth) because the material formerly was used to clarify and purify wine. The sepiolite-rich beds are as much as 15 m thick in the eastern part of the area. The upper unit is called the "Palygorskite Bed" because certain layers, 0.3 to 3 m thick, contain 35 to 75% palygorskite. The palygorskite-rich layers are interbedded with limestone and marl, and the entire unit is 15 m thick. The total resource of palygorskite is estimated at about 9 million tonnes.
INTRODUCTION
Lebrija clay materials are well known in Spain and have been mined since ancient times for the clarification of wine ("Tierra del Vino" or "wine earth"). Calderon (1901) was the first to report analytical data on these materials; he described them as clays composed of AI and Mg silicates with accompanying carbonates and iron oxides. Gabala y Laborde (1916) described Lebrija Earth as a white or brown clay which was used for the clarification of wine because of its small particle size. Later, Gabala y Laborde (1959) studied the lacustrine materials of Lebrija, Cerro San Benito, Mesa del Cuervo, and other localities of this area and noted the occurrence of "Tierra del Vino," chert, and silicified limestone, assigning them a Pliocene age.
The first mineralogical study of the Lebrija continental clays was carried out at El Cuervo by Gonzalez Garcia and Peir6 (1958) . These authors distinguished two types of Lebrija continental clays at El Cuervo, one a white clay composed of equal proportions of palygorskite and illite, accompanied by carbonate, quartz, montmorillonite, and locally, kaolinite, at a depth of 8-10 m, and the second a thinner, darker clay (Tierra 1 Departamento Cristalografia y Mineralogia, Facultad de Ciencias, Universidad de Zaragoza, Zaragoza, Spain.
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Copyright ~) 1982, The Clay Minerals Society del Vino), higher in the series, and composed of illite and montmorillonite, the latter mineral having formed from illite. Huertas et al. (1974) studied the same profile described by Gonzalez Garcia and Peir6 and found two layers of Tierra del Vino separated by a chert layer. The mineralogical composition given by these authors agrees with that of Gonzalez Garcia and Peirr, save for their finding sepiolite in the Tierra del Vino and in interbedded limestones. They also pointed out the close relationship between the Tierra del Vino and opaline chert layers. Peris Mora (1973) studied a deposit of diatomite in the lacustrine Pliocene of Cerro San Benito (Lebrija). Sepiolite is a common constituent of these deposits, together with quartz, noncrystalline silica, and cristobalite.
These economically important palygorskite-sepiolite clays have been ignored on the Spanish Industrial Mineral Map (I.G.M.E., 1974) and other relevant geological reports of the Lebrija area. Nevertheless, known resources of Lebrija palygorskite-sepiolite clays total about 9 million tonnes, and exploration continues to find other deposits in the lacustrine Pliocene terrains and in the Tertiary parimarine facies of this region. Palygorskite clays of Lebrija are selectively mined for their attractive adsorption properties. Materials suitable for carriers of pesticides, insecticides, and herbicides; animal litter; absorbents of industrial oils and grease; catalyst carriers; and mineral bleaching agents are produced by appropriate crushing, drying, firing, and grinding techniques.
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REGIONAL SETTING AND PLIOCENE STRATIGRAPHY
The study area is located at the boundaries of the Sevilla and Cadiz Provinces (Figure 1 ) and includes part of the Guadalquivir Basin, a large structural unit filled mainly with Tertiary and Quarternary marine sediments. The most important highland is the Mesa del Cuervo, which extends from the town of El Cuervo to the Sierra de Gibalbin. The Sierra consists of allochthonous materials which range from Upper Cretaceous to Upper Miocene in age with a Triassic decollement bed. The rocks consist chiefly of white and gray sandy marls (Neogene), sandstones and sandy limestone (Paleogene), sandy limestone and red marls (Upper Cretaceous), and variegated marls, clays, dolomite rocks, limestones, and dolerites (Triassic) (I.G.M.E., 1977) .
Autochthonous materials, from Tortonian (Upper Miocene) to Pliocene in age, lie discordantly above allochthonous material and can be divided into three formations: (1) bluish-gray marly clay, (2) sand (both marine facies), and (3) limestone, marl, and clay of continental character, listed from the bottom to the top. The last two formations are Pliocene in age. The continental Pliocene lies unconformably above the marine Pliocene and is mostly covered by Quaternary sediments and soils. The marine Pliocene sediments were concordantly deposited on Upper Miocene sediments and discordantly above the older rocks. Later tectonic adjustment occurred during Pliocene and Quaternary time producing slight folding. At the Mesa del Cuervo, continental Pliocene beds dip 5 ~ towards the Laguna de los Tollos, a small intermittent lake in the lowest part of the area. Prior to the tectonic movements, this "mesa" was really a basin of which the Laguna de los Tollos is now a remnant.
Two units can be distinguished in the continental Pliocene: a "marly-calcareous bed" and an upper "palygorskite bed." The base of the lower unit is usually a silicified limestone or a limestone with chert (white or gray), resting on a probable paleosol (Gonzalez Garcia and Peir6, 1958) with similar characteristics as those of the Tierra del Vino (vide infra), but, in certain places (e.g., Cerro Benito), diatomite forms the base of the Pliocene. The lower unit consists of limestone, marly and sandy limestone, marl and clayey marl, with interbedded thin beds (as much as 1 m thick) of dark brown, light brown, and pinkish white marly clay named "Tierra del Vino." Generally irregular layers of brown chert, ~<50 cm thick, occur immediately above and below the Tierra del Vino, and also change laterally to this material. Locally, the Tierra del Vino bed is 15 m thick. The "marly-calcareous bed" is 25-30 m thick ( Figure 2 ).
The upper unit (~<15 m thick) is named the "palygorskite bed" because of its high content of palygorskite, which is presently being mined. The palygorskite layers range from 30 cm to 3 m in thickness, with the layers decreasing in thickness upward. Limestone and marly limestone layers <0.5 m thick are interbedded in this unit. The top layer is a nodular limestone, 4-5 m thick.
The stratigraphy of the continental Pliocene has been described from cores of several drill holes made in the Mesa del Cuervo area 3 (Figures 2 and 3 ). Regional dip of the Pliocene materials is a consequence of(l) original basin morphology, (2) contemporary sinking with sedimentation, and (3) differential compaction. A great abundance of microfauna was noted in the marly and calcareous Pliocene (ostracods, gastropods, oogonia of Characeae, etc.), which are characteristic of a brackish facies or swamp of Upper Pliocene or Quaternary age (J. L. Saavedra, Centro de Estudios Hidrograficos, Madrid, 1979, private communication) .
MATERIALS AND METHODS
Sixty samples were taken from drill holes and from pits where clays are being mined. Thirty-four representative samples of the different beds from 8 drill holes were used to construct a typical stratigraphic column for this area (Figure 2 ).
Samples were examined by X-ray powder diffractometry (XRD) including the use of oriented aggregates to attempt quantitative estimations of mineral constituents according to methods of Schultz (1964) , Huertas (1969) , and Dorronsoro (1978) . Tierra del Vino (sepiolite-rich clay) and palygorskite-rich commercial clay were analyzed chemically by atomic absorption and also examined by transmission electron microscopy (TEM), using a Philips EM-300 apparatus.
RESULTS
The lower unit of the continental Pliocene, the "marly-calcareous bed," has a relatively high calcite content (40-80%) and contains about 10% quartz and minor sepiolite and palygorskite (Table 1, Figure 2) . The "Tierra del Vino" and similar materials are typically 50% calcite and 50% sepiolite, with minor smecrite, palygorskite, and quartz. This rock may be defined as a sepiolite marl. The chemical analysis (Table 2) of "Tierra del Vino" (LT-29) shows low AI2Oa and high MgO and CaO percentages corresponding to the above mineralogical composition. A "paleosol" located at the base of the continental Pliocene (LT-34) has more palygorskite and iron oxides and fewer carbonate minerals. Chert layers, associated with the "Tierra del Vino," are composed of quartz and cristobalite with minor sepiolite (LT-31), and in places contain significant amounts of calcite (whitish chert). Diatomite contains noncrystalline silica, quartz, and small quantities of carbonate and sepiolite. The SiO2 cQntent of cherty Figure 3 . Cross section SW-NE across the Mesa del Cuervo and Laguna de los Tollos.
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layers ranges between 80 and 90%. The sepiolite content decreases and the palygorskite content increases upward. About 5 to 20% illite, <5% smectite, and traces of chlorite, kaolinite, mixed-layer clay minerals, and gypsum are also present in the upper part of this lower unit. Three clay-mineral suites exist in this lower unit; sepiolite-palygorskite in the bottom; sepiolite + palygorskite _+ illite in the center; and palygorskite + illite ___ sepiolite -smectite in the upper part. The ~ bed" consists of alternating clays, marls, and limestones ( Figure 2 , Tables 1 and 2 ). The main clay-mineral suite is palygorskite + illite. Locally, sepiolite and smectite are present in minor amounts. Palygorskite varies from 35 to 75% in the clay and marl samples and is present in amounts up to 5% in the limestone. Illite is more abundant in clay beds (~<40%), but decreases towards the top. Quartz is relatively constant in the unit at about 10%. The sand beds found at the bottom and at the middle of this unit (LT-21 and LT-17) are very rich in calcite, quartz, palygorskite, and illite. The "palygorskite bed" is overlain by a thick limestone bed, whose composition is similar to other limestone beds in the continental Pliocene.
A transmission electron micrograph of "Tierra del Vino" (Sample LT-29) shows sepiolite (Figure 4) , while that of the palygorskite clay (Sample LT-12, Figure 5 ) shows elongate crystals of palygorskite and platy illite. Figure 6 shows XRD patterns of these samples.
EVOLUTION OF THE BASIN AND GENESIS OF THE CLAY MINERALS
According to the regional geological data, Triassic masses and the overlying materials moved towards the northwest in the Lebrija area during Miocene time. These movements ended during the Late Miocene, and autochthonous materials, marly and sand sediments, were deposited in a shallow-sea environment above the allochthonous material. During the Pliocene, tilting of the basin produced a general marine regression, and sedimentation occurred in a brackish, lacustrine environment and continued into Quaternary times (Laguna de Los Tollos).
The sedimentation in the lacustrine Pliocene of Lebrija is similar to that described by Millot (1970, p. 76) as a negative sequence. At the beginning of the marine regression a lagunar environment (or perhaps a playalake type) existed, where carbonate minerals, clay, and silica were deposited and locally diatoms flourished. In such a setting the formation of a soil very rich in palygorskite and sepiolite from the marine Pliocene sand is unlikely. Rather, the "paleosol" considered above was probably the first Tierra del Vino layer formed. Later, in a true lacustrine environment, sedimentation of those materials continued, but diatoms were exterminated under a warmer climate and after a salinity change. Diatoms formed deposits of diatomaceous earth and, in part, dissolved.
Sepiolite was formed in significant amounts at the base of the continental formation where silica was available from the source area and from the diatom colonies. Relationships between chert beds, diatomites, and the Tierra del Vino (richest in sepiolite) are obvious: the Tierra del Vino is very close to the chert, which also contains sepiolite as an impurity. This relationship between sepiolite and diatoms was also reported by Fleischer (1972) in the Santa Cruz Basin of California. Also, Patterson (1974) suggested that much of the silica in the palygorskite of the Attapulgus, Georgia, "fuller's earth" comes from the dissolution of diatoms. The Mg was supplied from the surrounding dolomites and dolerites. The environment must have been slightly alkaline in which silica and Mg were supplied slowly (by dissolution of diatoms and by the weathering of sil- For mineralogy, see Table 1 .
icates and carbonates). Sepiolite crystallization should take place under conditions similar to those of the homogeneous precipitation, 4 noted for kaolinite, palygorskite, sepiolite, and other phyllosilicates by La Iglesia and Martin Vivaldi (1975) , La Iglesia et al. (1976) , and La Iglesia (1977 Iglesia ( , 1978 . These conditions are more likely in natural environments than those proposed by other authors for the synthesis of these clay minerals at room temperature (e.g., Siffert, 1962; Wollast et al., 1968) . The stability and formation of large, well-formed crystals of sepiolite are favored by pH -8, according to the experimental data of the above-mentioned authors. Above pH 9, smectites and talc were formed in Siffert's experiments and brucite in Wollast's synthesis. On the other hand, calcite precipitation requires a pH of about 8 (Garrels and Christ, 1965) . Thus, the precipitation of sepiolite and calcite, without brucite or talc, occurred at a pH of 8, and silica precipitated when its saturation was reached (Tierra del Vino-chert-carbonate). The formation of calcite and not dolomite in the presence of Mg is compatible with a log pCO2 <-5.0 (Lippmann, 1979) , but other factors, such as the ion activity and saturation index (the activity product of a mineral divided by its solubility constant) of the carbonate and silicate minerals as the alkalinity increases, must also be taken into account.
Sedimentation occurred in a closed continental basin of the alkaline type. Tectonic stability and a dry climate favored sepiolite formation. After the last major deposit of Tierra del Vino (bed 29), the climate became wetter because of a slight subsidence of the basin, and weath- and illite crystals in palygorskite clay.
ering of the source rocks increased, supplying to the basin a greater amount of magnesium, iron, silica, etc., as ions or gels, and detrital minerals (quartz, mica, chlorite). Under these conditions, palygorskite formed rather than sepiolite. Additionally, detrital minerals (especially micas) transformed to palygorskite in the brackish environment. The twofold origin of palygorskite (neoformation and transformation) increased the percentage to about 70%. Occasionally, climatic or tectonic changes produced abundant detrital materials that interfingered into the series (e.g., bed 21). The neoformation of palygorskite required aluminum in a medium where alumina has a very low solubility and in which silica and magnesium are soluble. Under such conditions, palygorskite more likely formed as a result of an equilibrium between the unstable detrital phyllosilicates, mainly illite, and the solution that caused layer silicates to transform to palygorskite. Nevertheless, A1203 may have entered the basin as an organic complex or from other unstable clay minerals, such as chlorite or kaolinite (Velde, 1977, pp. 150-151 ) , which can also liberate aluminum. In addition, palygorskite neoformation cannot be excluded. The physical-chemical conditions for the precipitation of palygorskite are closely similar to those of the precipitation of sepiolite (La Iglesia, 1977) .
A similar mechanism for the transformation of montmorillonite to palygorskite was suggested by Weaver and Beck (1977) in a perimarine environment in southeastern United States. In the Lebrija area the close relationship between illite and palygorskite, as well as in the example shown in Figure 6 (Sample LT-17), seem to support this hypothesis. This sample is composed of illite, quartz, calcite, and a mineral with principal XRD peaks at 10.27 A (nonexpanding) and 3.24/~ and an elongate shape similar to palygorskite. The latter mineral may be a random interstratification of iUite and palygorskite.
The smectite in these rocks could be detrital (dioctahedral smectites), or it could have formed by the trans-
~erro d?l Vi no wderl " so Figure 6 . X-ray powder diffraction patterns (CuKa radiation) of palygorskite clay, Tierra del Vino and sample LT-17 (oriented aggregate with and without ethylene glycol). Ca = calcite, Q = quartz, I = illite, P = palygorskite, Sp = sepiolite.
formation of chlorite, illite, or palygorskite (di-and trioctahedral smectites) or by neoformation (trioctahedral smectites). The small amount of smectite precludes serious speculation on its genesis. The alternation of marly and clayey layers in the "palygorskite bed" was possibly a result of periodic climatic changes. Wet periods with materials supplied to the basin favored the formation of palygorskite from degraded illite. During drier periods, evaporitic carbonate sedimentation took place, with little sepiolite or smectite formation and a lack of detrital minerals. This cycle was repeated eight times at least, forming the commercially important clays and the interbedded carbonates. The upward decreasing thickness of the palygorskite beds indicates a basin evolution toward stable tectonic conditions and perhaps a climate with shorter and drier periods and milder weathering.
The genetic sequence of the principal clay minerals of Lebrija from the base to the top is:
(1) Dominant neoformation (sepiolite + palygorskite) (beds 29 to 34) (2) Neoformation decreasing upward (sepiolite + palygorskite) and increasing transformation (palygorskite + sepiolite?). Important detrital clay minerals (e.g., illite) (beds 26 to 28) (3) Dominant transformation (palygorskite) and detrital clays (illite). Occasional neoformation (sepiolite) (beds 1 to 26)
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